Compelling preclinical and pilot clinical data support the role of green tea polyphenols in prostate cancer prevention. We conducted a randomized, double-blind, placebo-controlled trial of polyphenon E (enriched green tea polyphenol extract) in men with prostate cancer scheduled to undergo radical prostatectomy. The study aimed to determine the bioavailability of green tea polyphenols in prostate tissue and to measure its effects on systemic and tissue biomarkers of prostate cancer carcinogenesis. Participants received either polyphenon E (containing 800 mg epigallocatechin gallate) or placebo daily for 3 to 6 weeks before surgery. Following the intervention, green tea polyphenol levels in the prostatectomy tissue were low to undetectable. Polyphenon E intervention resulted in favorable but not statistically significant changes in serum prostate-specific antigen, serum insulin-like growth factor axis, and oxidative DNA damage in blood leukocytes.
Introduction
Prostate cancer is the most common cancer affecting men with an annual age-adjusted incidence of 165.8 cases per 100,000 men in 2007 and a lifetime risk of 1 in 6.25 men (1) . A need for prostate cancer prevention is predicted on the basis of the aging society with estimates of a 4-fold increase in the number of people older than 65 years by the year 2050. As many men choose to monitor their prostate health, chemoprevention could be used for both prevention of prostate cancer development and prevention of prostate cancer progression.
Chemoprevention of prostate cancer has shown promise using hormonal agents including the 5-a-reductase inhibitors finasteride and dutasteride, which block the conversion of testosterone to dihydrotestosterone. The Prostate Cancer Prevention Trial (PCPT) randomized more than 8,000 men to either finasteride (5 mg) or placebo and showed a 25% relative reduction in the incidence of prostate cancer in the finasteride arm (18.4% vs. 24.4% placebo group; ref. 2) . The Reduction by Dutasteride of Prostate Cancer Events (REDUCE) study randomized more than 6,000 men with a prior negative prostate biopsy to receive dutasteride or placebo and found a 23% reduction in the dutasteride arm in the risk of prostate cancer after 4 years (3). However, concerns about the possible selection of more aggressive cancers and side effects from these agents have limited their clinical adoption and point to the need for alternative chemoprevention agents (4) .
Epidemiologic data showing wide variations in prostate cancer incidence worldwide have suggested that agents derived from dietary sources may represent a possible mechanism underlying these observations. Supplementation with these candidate dietary agents may represent a possible alternative strategy for prostate cancer chemoprevention. Some agents under consideration have included lycopenes in tomatoes, leguminous plant-derived isoflavones, flaxseed, and green tea-derived polyphenols.
Green tea polyphenols have shown promise in inhibiting prostate cancer growth in several preclinical studies. Gupta and colleagues (5) and Adhami and colleagues (6) have shown that administration of green tea polyphenols (0.1% in drinking fluid) to transgenic adenocarcinoma of the mouse prostate (TRAMP) mice for 24 weeks markedly inhibits prostate cancer development and distant site metastases. The green tea effect is associated with a decrease in cell proliferation and an increase in apoptosis in the prostate tissue, a favorable change in the insulin-like growth factor (IGF) axis, and a significant suppression of angiogenic and metastatic markers. A more recent study examined the effect of green tea polyphenols (0.1% in drinking fluid) in the TRAMP mouse model and found that the chemoprevention potential decreased with advancing stage of the disease (7) . When green tea polyphenols were administered at the early stage, IGF-1 and its downstream targets were more effectively inhibited (7) . Similar effects on early-stage, but not late-stage, prostate cancer were observed with epigallocatechin gallate (EGCG), the most abundant green tea polyphenol, in the TRAMP model (8) . It is not clear whether tea catechins inhibit prostate carcinogenesis by a direct action that requires the presence of tea catechins at significant levels or by an indirect means, such as affecting circulating cytokines and hormones related to prostate cancer carcinogenesis.
A clinical study by Bettuzzi and colleagues (9) and Brausi and colleagues (10) has suggested that green tea polyphenols may also be effective in reversal or delay of prostate carcinogenesis, with men with biopsy-proven high-grade prostatic intraepithelial neoplasia receiving green tea polyphenol tablets for 12 months developing fewer cases of prostate cancer than those given placebo.
On the basis of the compelling preclinical evidence and promising pilot clinical data, we hypothesized that green tea catechin oral supplementation will delay or regress prostate cancer development and progression. To test this hypothesis, we conducted a randomized, double-blind, and placebo-controlled trial of green tea polyphenols (formulated as polyphenon E) in a group of men undergoing prostatectomy for their prostate cancer. The primary aim of the study was to determine the bioavailability of green tea polyphenols in prostate tissue with secondary endpoints being measurement of modulation of systemic and tissue biomarkers related to prostate carcinogenesis process.
Materials and Methods

Study design
The study was a randomized, double-blind, placebocontrolled intervention trial. Patients with a diagnosis of prostate cancer scheduled to undergo radical prostatectomy were randomly assigned to receive either polyphenon E or placebo for 3 to 6 weeks before surgery. The primary objective is to determine the bioavailability of green tea polyphenols in prostate tissue after polyphenon E intervention. The secondary objectives are to determine the effect of polyphenon E intervention on cell proliferation, apoptosis, and angiogenesis in prostatectomy tissues, serum prostatespecific antigen (PSA), serum IGF axis, oxidative DNA damage in blood leukocytes, and plasma catechin concentrations. The study was approved by the University of Arizona Institutional Review Board. Written informed consent was obtained from all participants.
Study drugs
Polyphenon E drug substance contains 85% to 95% total catechins, with 56% to 72% as EGCG, and less than 1.0% caffeine. The drug substance was provided to National Cancer Institute, Division of Cancer Prevention (NCI, DCP) by Mitsui Norin. This study used polyphenon E oral capsules, standardized to contain 200 mg EGCG per capsule, and matched placebo capsules, supplied by NCI, DCP. The study capsules were stored at room temperature and protected from environmental extremes.
Study population
Patients with biopsy-confirmed prostate carcinoma electing prostatectomy as their primary treatment and at least 3 weeks from scheduled surgery were enrolled onto the study. To be eligible, patients must have had biopsy-proved prostate cancer, had not received other therapy for their prostate cancer, had a current PSA less than 50 ng/mL, older than 18 years, had no history of chemotherapy and/or radiation for any malignancy in the previous 5 years, had good performance status, and had normal renal (creatinine institutional upper limits of normal) and hepatic function [total bilirubin, aspartate aminotransferase (AST; SGOT)/alanine aminotransferase (ALT; SGPT) institutional upper limits of normal]. Patients were excluded if they drank tea regularly within 1 month of enrollment (more than 6 servings of hot tea or 12 servings of iced tea or equivalent combination per week), were receiving other investigational agents, had a history of allergic reactions attributed to compounds of similar chemical to polyphenon E, or had uncontrolled intercurrent illness.
Study procedures
During the initial visit, participants underwent eligibility evaluation. Each participant underwent an interview and brief physical examination to obtain medical history, performance status, height, weight, blood pressure, pulse, and temperature measurements. Blood samples were collected for complete blood count with differentials, comprehensive metabolic panel, and systemic research endpoints. Blood samples for clinical laboratories were collected and processed according to the diagnostic laboratory's standards. Blood samples for serum biomarkers were collected into SST vacutainer tubes, allowed to clot for at least 30 minutes, and centrifuged. Serum was collected and stored as multiple aliquots at À80 C until analysis. Blood samples for plasma catechin concentration measurement and leukocyte oxidative DNA damage biomarker assay were collected into vacutainer tubes containing sodium heparin. After centrifugation, plasma was collected and mixed with Vc-EDTA solution (0.4 mol/L NaH 2 PO 4 buffer containing 20% vitamin C and 0.1% EDTA, pH 3.6) in the volume ratio of 1:0.02 and stored immediately at À80 C for catechin concentration analysis. The remaining buffy coat was collected and stored immediately at À80 C for leukocyte oxidative DNA damage biomarker analysis.
Upon determination of eligibility, participants were randomized (1:1) to receive polyphenon E or placebo. Participants were instructed to take 4 study capsules each morning with food for 3 to 6 weeks until the day before surgery. Participants were also required to keep an intake calendar and adverse event diary throughout the study participation. Participants returned to the clinic within 3 days prior to surgery to undergo assessment of adverse events and compliance, blood collection for complete blood count with differentials, comprehensive metabolic panel, and systemic research endpoints. Blood samples were processed and stored as described above. The NCI Common Terminology Criteria for Adverse Events (CTCAE) version 3.0 was used to for adverse event description and grading. Agent intervention compliance was evaluated by capsule count and intake calendar. Participants were considered compliant if they had taken at least 80% of their assigned study doses.
At surgery, a prostate tissue sample was collected, immediately snap-frozen, and stored at À80 C for measurements of catechin concentrations. Paraffin-embedded tissue blocks/slides were requested from institution's clinical pathology laboratory for tissue biomarker analysis.
Green tea polyphenol concentration analysis
Green tea polyphenol standards were purchased from Sigma-Aldrich Corp. and Nacalai USA, Inc. The identity of the green tea polyphenol standards was confirmed by mass spectrometry. Prostate tissue was weighed and processed according to a procedure validated for tissue green tea polyphenol concentration analysis (11) with minor modifications. Briefly, prostate tissue ($300 mg) was homogenized in a mixture consisting of 50 mL of water, 750 mL of methanol:ethyl acetate (2:1), 250 mL of 0.3 mol/L sodium dithionite/0.1% EDTA, and 25 mL of internal standard solution (625 ng/mL ethyl gallate in water). The homogenate was centrifuged and supernatants collected and concentrated by vacuum centrifugation to remove the organic solvents. The remaining aqueous phase was buffered with 250 mL of 0.4 mol/L phosphate buffer (pH ¼ 6.8) and incubated with 250 units of b-glucuronidase and 10 units of sulfatase at 37 C for 45 minutes. After incubation, the samples were extracted with 2.5 mL of ethyl acetate. The ethyl acetate layer was collected and mixed with a small aliquot of 10% ascorbic acid before drying by vacuum centrifugation. The dried residue was reconstituted in 15% acetonitrile before injecting onto the high-performance liquid chromatography (HPLC) system. For plasma green tea polyphenol concentration analysis, 200 mL of plasma was mixed with 20 mL of 0.4 mol/L phosphate buffer (pH ¼ 6.8) and incubated with 250 units of b-glucuronidase and 10 units of sulfatase at 37 C for 45 minutes. After incubation, the sample was extracted with 1 mL of ethyl acetate. The ethyl acetate layer was collected and mixed with a small aliquot of 10% ascorbic acid before drying by vacuum centrifugation. The dried residue was reconstituted in 15% acetonitrile before injecting onto the HPLC system.
The HPLC system consisted of an ESA HPLC system with a Coulochem electrode array detector. HPLC separation was achieved on a C18 column and a mobile phase consisted of a gradient of 2 buffers (12). The eluent was monitored with potentials settings at À90, À10, 70, 150, 230, 310, 400, and 480 mV. Green tea polyphenols were identified on the basis of the elution time and peak response ratio across different potential settings. The limit of quantification for the green tea polyphenols analysis in the prostate tissue was 2 ng per sample analyzed or 1 ng injected on column. The limit of quantification for the green tea polyphenol analysis in plasma was 3.5 ng/mL or 0.35 ng injected on column.
Leukocyte oxidative DNA damage biomarker 8-Hydroxy-2 0 -deoxyguanosine (8-OHdG) to 2 0 -deoxyguanosine (dG) ratio in leukocyte DNA was used as a biomarker for systemic oxidative DNA damage. Isolation of DNA from buffy coat was achieved using a FlexiGene DNA kit (Qiagen). The isolated DNA was then reprecipitated by the addition of 3 mol/L sodium acetate buffer (pH ¼ 5.2) and 100% cold ethanol and subsequently washed with 70% ethanol. The pellet was resuspended in water. An aliquot was used to determine the amount and purity of DNA based on the absorbance of the DNA solution at 260 and 280 nm. The remaining aliquot was mixed with one-fifth volume of 300 mmol/L ammonium acetate w/1.2 mmol/L zinc chloride (pH ¼ 5.2). Isolated DNA was stored at À80 C until analysis. On the day of analysis, DNA was digested to single nucleosides using a validated DNA hydrolysis procedure (13) . The hydrolysate was filtered through an Ultra-Free membrane before injection onto the HPLC/UV/mass spectrometry system. The HPLC/UV/mass spectrometry system consisted of a Surveyor HPLC system and a TSQ Quantum Ultra triple quadrupole mass spectrometer (Thermo Electron). HPLC separation was achieved on a C 18 column with a mobile phase gradient consisting of 10 mmol/L ammonium formate and methanol. The eluent was monitored with in-line UV and mass spectrometry detection. UV detection was conducted at 214 nm to ensure complete digestion to individual nucleosides. The mass spectrometric analysis was conducted with the electrospray ionization interface operated in the positive ion mode. 8-OHdG and dG were detected in the multiple reaction monitoring mode with the ion pairs of m/z 284/168 and 268/152, respectively. Results were expressed as the ratio of 8-OHdG/10 5 dG.
IGF-1 and IGF-binding protein-3 measurements
The serum concentrations of IGF-1 and IGF-binding protein-3 (IGFBP-3) were measured by specific ELISA assays (DG100 and DGB300, respectively; R&D systems). For IGF-1, the assay included a simple extraction step in which IGF-1 was released from its binding proteins prior to analysis. For IGFBP-3, serum samples were first diluted 1:100 prior to analysis. Standards, controls, and extracted samples were incubated with anti-IGF-1 or anti-IGFBP-3 antibody labeled with horseradish peroxidase (HRP) in microtitration wells coated with another anti-IGF-1 or anti-IGFBP-3 antibody. After incubation and washing, the wells were incubated with the substrate tetramethylbenzidine (TMB). An acidic stopping solution was added, and the degree of enzymatic turnover of the substrate was determined by dual wavelength absorbance measurement at 450 and 620 nm.
Immunohistochemistry for tissue biomarkers
Immunohistochemical assays were used to assess cell proliferation, apoptosis, and angiogenesis in prostatectomy tissues. Cell proliferation was assessed by nuclear Ki67 expression. Apoptosis was assessed by positive nuclear staining for cleaved caspase-3 with a pattern of nuclear fragmentation. Angiogenesis was assessed by microvessels expressing CD34.
A precision microtome was used to prepare 3 mm sections on coated slides for each specimen. Slides were deparaffinized and conditioned (antigen retrieval with a borate-EDTA buffer for 30 minutes) on a Discovery XT Automated Immunostainer (Ventana Medical Systems, Inc.) using VMSI validated reagents. Slides were stained with the primary antibody online on the autostainer. Detection with biotinylated-streptavidin-HRP and diaminobenzidine (DAB) and hematoxylin counterstaining was also conducted online on the autostainer. Following staining on the instrument, slides were dehydrated through graded alcohols to xylene and coverslipped with Pro-Texx mounting medium. Images were captured with a Nikon LaboPhot-2 microscope with Paxcam 3 camera and PAX-it Digital Image Management & Image Analysis. Images were standardized for light intensity. For each analysis, positive controls consisting of paraffin-embedded tissue that had been established previously to express the antigen of interest and negative controls consisting of the positive control sections processed without the primary antibody were included.
For Ki67, Dako M7240 clone MIB-1 mouse monoclonal antibody was used. The proliferation rate was expressed as percentage of positively stained cells within the tumor regions. For cleaved caspase-3 (Cell Signaling Technologies #9661), anti-cleaved caspase-3 rabbit polyclonal antibody was used. Cleaved caspase-3 expression within the tumor regions was evaluated by percentage of positively stained cells that exhibited nuclear fragmentation. For CD34 (Ventana Medical Systems 760-2927), CONFIRM mouse monoclonal clone QBEnd/10 was used. Any dark staining endothelial cell or cell cluster clearly separate from adjacent structures was considered a single vessel. The number of microvessels was counted in 5 randomly selected 40Â fields within the tumor regions.
Data analysis
The study randomized 50 participants to receive polyphenon E or placebo (1:1). All participants who received any study capsules were included in the report of adverse events. Of the 50, 48 (24 per group) completed the intervention and were included in the endpoint analyses. There were missing data for some of the endpoints due to the inability to collect some of the specimens or inadequate specimens for analysis. The missing rate ranged from 2% (immunohistochemical tissue markers) to 23% (8-OHdG). Descriptive statistics were conducted on each of the endpoints within each intervention group. The distributions for some of the endpoints were not symmetrical. Therefore, a 2-sided Wilcoxon rank-sum test was used to test whether the change in each of the endpoints differed by the intervention groups. In addition, the percentage of patients with positive or negative changes for each of the endpoints was compared between the intervention groups using a Fisher exact test of proportions at a 2-sided 0.05 level of significance. These secondary analyses were not corrected for multiple comparisons, but the results were interpreted cautiously, given the multiple markers being explored.
Results
The study was initiated in March, 2007 and completed accrual in July, 2010. Fifty-two subjects were consented with two, ultimately found to not meet, inclusion criteria. Fifty subjects were randomized with 25 receiving polyphenon E and 25 receiving placebo. One subject in each group subsequently cancelled their planned surgery, leaving 24 subjects in each group who completed intervention. A Consort flow diagram of the study is shown in Fig. 1 .
The two groups were well matched for demographics with age, race, and body mass index being similar between those who received polyphenon E and placebo. Mean age was 63.4 versus 61.3 years, respectively (P ¼ 0.25). The majority of subjects in both groups were White (96% vs. 92%, respectively) with one multiracial subject in the polyphenon E group and one Native American and one multiracial subject in the placebo group. The mean body mass index was 26.9 and 28.1 in each group, respectively (P ¼ 0.25). The time period between original diagnosis and start of intervention varied among study subjects (from 21 days to a year).
Clinical characteristics of pre-study PSA and biopsy Gleason score were similar between the groups. The mean PSA in the polyphenon E group was 6.71 with an SD of 4.04 versus 7.90 with an SD of 5.54 in the placebo group (P ¼ 0.38). Most subjects in both groups had biopsy Gleason scores of 3 þ 3 ¼ 6 (70.8% vs. 70.8%) whereas 16.7% and 20.8% had Gleason score 7 disease on biopsy, respectively (P ¼ 1.00). Details of the demographic and clinical characteristics in each group are shown in Table 1 .
Polyphenon E was well tolerated with minimal adverse events and no withdrawals from the study secondary to adverse events. A total of 18 and 39 adverse events occurred in the polyphenon E and placebo groups, respectively. Table 2 summarizes the adverse events occurring in greater than 4% of subjects treated with polyphenon E or placebo (>1 subject experiencing the event in either group). Nausea was the most common event, with a similar incidence rate in each group (16% vs. 16%). Other common adverse events in the polyphenon E group include diarrhea (8% vs. 20% for polyphenon E vs. placebo) and headache (4% vs. 8% for polyphenon E vs. placebo). These were all grade I or II events based on the NCI CTCAE version 3.0. One subject in the polyphenon E group had a mild ALT elevation (4%), whereas no ALT elevation was noted in the placebo group (data not shown). One subject in the placebo group had a grade IV neutropenia in the end-of-study laboratory; however, this was most likely a laboratory error because the pre-op (3 days before the end-of-study laboratory) and post-op (3 days after the end-of-study laboratory) laboratory values were within normal range (data not shown).
Postintervention plasma green tea polyphenol concentrations following 3 to 6 weeks of polyphenon E intervention are shown in Fig. 2 . EGCG, the main component catechin in polyphenon E, reached average plasma levels of 146.6 pmol/mL in subjects given polyphenon E, whereas lower levels were achieved for the other catechins. The large interindividual variation in plasma concentrations of tea polyphenols is mostly attributed to the difference in timing of blood collection in relation to the intake of the polyphenon E. Eighteen of the 20-hour subjects receiving polyphenon E had measurable plasma green tea polyphenol concentrations. Five of 6 polyphenon E subjects who had no detectable postintervention plasma green tea polyphenol concentrations had their postintervention samples collected more than 16 hours after the previous polyphenon E dose. None of the subjects receiving placebo had detectable plasma green tea polyphenol concentrations. Fresh-frozen tissue was available from 15 subjects receiving polyphenon E and from 19 subjects receiving placebo for green tea polyphenol analysis. Two of the placebo subjects had detectable epicatechin gallate (ECG) peak in the prostate tissue, suggesting that the ECG peak identified in our system for the prostate tissue may not be specific to ECG. Alternatively, the ECG peak detected could be derived from other sources of intake. No other green tea polyphenols were detected in the placebo group. Five of the 15 polyphenon E subjects had detectable ECG peak, ranging from 17.77 to 59.67 pmol/g. One of the 15 polyphenon E subjects had detectable concentrations of each of the green tea polyphenols analyzed; epigallocatechin (EGC), 88.71 pmol/g; epicatechin, 226.74 pmol/g; ECG, 37.35 pmol/g; EGCG, 36.05 pmol/g; and 4
00 -O-methyl-EGCG (4 00 -MeEGCG), 12.33 pmol/g. One subject had detectable tissue epicatechin concentrations (83.06 pmol/g).
Systemic biomarker endpoints are summarized in Table 3 . Note that PSA values collected preintervention were lower than those at diagnosis because of variations between values obtained from ELISA testing in our laboratory for preintervention testing and clinical laboratory results used for PSA values at diagnosis. PSA values showed a greater decrease for those on polyphenon E than those on placebo but this did not reach statistical significance (À0.66 AE 2.56 and À0.08 AE 1.28 ng/mL, P ¼ 0.26). When comparing the proportion of those who had a decrease in PSA to those that did not, 58.3% of polyphenon E subjects versus 36.4% of placebo patients experienced a decrease after intervention (P ¼ 0.15). The 8-OHdG to dG ratio, a marker of oxidative DNA damage, showed a greater mean decrease for those on polyphenon E but this again did not reach statistical significance (À0.79 AE 6.75 vs. 1.81 AE 8.37, P ¼ 0.17). The percentage of those with a decrease in 8-OHdG was 65.0% versus 35.3% for those on polyphenon E and placebo, respectively (P ¼ 0.10). Serum IGF-1 levels, which have been correlated with increased prostate cancer risk, showed a greater decrease among those on polyphenon E but this did not reach statistical significance (À6.90 AE 20.97 vs. À1.20 AE 21.82 ng/mL, P ¼ 0.53). The proportion of subjects with a decrease in IGF-1 was likewise greater in those on polyphenon E (54.2% vs. 36.4%, P ¼ 0.25). Levels of IGFBP-3, which modulates the bioavailability and ligand function of IGF-1, showed a greater but nonstatistically significant increase in subjects on polyphenon E intervention (20.38 AE 289.3 vs. À74.76 AE 238.11 ng/mL, P ¼ 0.24). The proportion of those who had an increase in IGFBP-3 levels was 54.2% versus 36.4% for polyphenon E and placebo subjects, respectively (P ¼ 0.25). The ratio of IGF-1 to IGFBP-3 similarly showed a favorable but nonsignificant decrease for the treatment arm (À0.003 AE 0.011 vs. 0.002 AE 0.012, P ¼ 0.16 and 62.5% vs. 45.5% showing a decrease, P ¼ 0.37). Table 4 summarizes the immunohistochemical data on tissue biomarker endpoints determined in the prostatectomy tissue. Tissue levels of the cellular marker for proliferation, Ki67, did not differ significantly between the polyphenon E and placebo arms (5.65% AE 9.47% vs. 4.37% AE 6.11% staining, P ¼ 0.68). We measured apoptosis by determining the percentage of cells staining for cleaved caspase-3 and found no difference between the 2 arms (0.39 AE 0.57 vs. 0.46 AE 0.64, P ¼ 0.29, respectively). Angiogenesis, as measured by determining microvessel density was similar between the polyphenon E and placebo groups (22.43 AE 9.93 vs. 23.04 AE 10.40 average number of microvessels in 5 random 40Â fields, P ¼ 0.89).
A greater proportion of subjects on polyphenon E showed a decrease in Gleason score between prostate biopsy and surgical specimens but this again did not reach statistical significance (20.8% vs. 8.3% showing a decrease, P ¼ 0.22 for those on polyphenon E vs. placebo). Table 2 . Summary of adverse events occurring in greater than 4% of subjects treated with polyphenon E or placebo, regardless of attribution About 16.7% of polyphenon E and 37.5% of placebo subjects experienced an increase in Gleason score.
Discussion
In this randomized, double-blind, placebo-controlled trial of polyphenon E with pre-prostatectomy short duration intervention, we found that prostate tissue bioavailability of polyphenols was low and that systemic biomarkers, while showing a trend toward chemopreventive efficacy, were not significantly different between the two groups. Tissue biomarkers also did not differ between the treatment and control arms. Polyphenon E intervention in pill form was well tolerated with minimal adverse events.
Our findings suggest that green tea intervention, if effective in the chemoprevention of prostate cancer, may not act in a direct fashion on prostate tissue, as we found low to undetectable tissue bioaccumulation levels. The low tissue levels may be due to a combination of rapid systemic clearance and low bioaccumulation of polyphenols in prostate tissue. Previous studies showed that the plasma half-life of parent catechins and conjugated catechin metabolites was around 2 to 4 hours (12, 14) . In this study, participants took their pills in the morning, and the time between the last dose of polyphenon E or placebo on the day prior to surgery and surgical excision of the prostate the following morning or afternoon was more than 24 hours because of restrictions on oral intake on the day of surgery. This long elapsed time would lead to undetectable tissue levels by the time of surgical excision, if minimal bioaccumulation occurs in the prostate. Serum levels in contrast were obtained while subjects were still on polyphenon E or placebo intervention, as these were drawn on the days preceding surgery, which likely accounts for the higher levels. Unlike our study's finding of lack of bioavailability of tea polyphenols in prostate tissue, a recent randomized study did find measurable levels in the prostate and urine of men given green tea in beverage form (15) . These contrary findings may have been due to differences in the scheduling of dosing, as the published study instructed subjects to drink 6 cups of tea each day (15) and subjects may have therefore received catechin within 12 hours before prostatectomy, if they had drank tea up to the evening before surgery. The published study's reported low nanomolar catechin concentrations in human prostate tissue (15) potentially still suggests indirect mechanism (s) of action for green tea polyphenols. Importantly, because we measured tissue levels at trough rather than peak concentrations, it is possible that green tea polyphenols may achieve measurable tissue levels that cannot be assessed with our study design. If this were the case, green tea intervention may conceivably still act in a direct fashion on prostate tissue. In addition, while our once-daily dose of polyphenon E was equivalent to 12 to 16 cups of green tea a day, divided doses taken throughout the day (similar to tea infusion) may allow more constant exposure of green tea polyphenols to prostate tissue.
This study found a trend among systemic biomarkers that may suggest chemopreventive activity of polyphenon E in prostate cancer but none of these were statistically significant. These include decreased PSA, reduced 8-OHdG to dG ratio, lowered IGF-1, increased IGFBP-3, and decreased IGF-1/IGFBP-3 ratio in subjects given polyphenon E as opposed to placebo. It is possible that the small sample size of this study limited its ability to show a statistically significant difference in systemic biomarkers. Post hoc power analysis, based on a 2-sided two-sample test with unequal variances at an a level of 5% showed that the following sample sizes (per group) would be necessary to achieve a power of 80%: PSA, n ¼ 192; IGF-1, n ¼ 230; IGF-1/IGFBP-3 ratio, n ¼ 92; and 8-OHdG, n ¼ 140. A repeat study may therefore need to have at least 230 subjects in each group to achieve statistical significance based on the observed differences seen in this study. In contrast to our findings, McLarty and colleagues in an open-label, single arm study showed that supplementation with polyphenon E in pill form prior to prostatectomy significantly reduced serum PSA, IGF axis hepatocyte growth factor, and VEGF levels in their group of 26 men with prostate cancer (16) . The reason(s) for the discrepancy between their study and our findings remains to be defined but includes the lack of a control group in their study which it made it easier to gain significance. The published study used the same daily dose of polyphenon E with a median duration on study (34.5 days) similar to ours (28 days), but the published study enrolled a high proportion of African Americans (62%; ref. 16 ). It is not known whether this demographic difference would impact the changes in systemic biomarkers.
Our study's finding of no statistical difference in Gleason score change between the biopsy and surgical specimens in the treated group is not surprising, given the short duration of the intervention was unlikely to cause a change in histologic characteristics. Similarly, no statistically significant treatment effects on proliferation, angiogenesis, or apoptosis were observed in the prostatectomy tumor regions. If the prostate tissue activity of tea polyphenols is mediated through indirect means, significant changes in the tissue biomarkers may only occur after sustained modulation of the systemic hormones or cytokines. Therefore, longer term studies would likely be necessary to achieve measurable differences in tissue biomarkers and histology.
The stage of disease may play a factor in the efficacy of green tea in prostate cancer. Adhami and colleagues, in a mouse prostate cancer model, found that the effect of green tea polyphenols decreased with advancing stage (7) . Green tea may therefore be most effective in a precancerous model and its effects may be too modest to meaningfully impact overt prostate cancer, as was the case with men in this study. Two other studies involving men with more advanced prostate cancer who were given green tea also did not show benefits (17, 18) . In the clinical study that did show a benefit of green tea, all subjects were in the precancerous stage of having high-grade prostatic intraepithelial neoplasia on biopsy (9, 10).
The pre-prostatectomy model used in this study has several advantages including higher subject acceptability as participation did not alter a subject's chosen treatment option of surgery and the availability of serum and complete tissue specimens at the conclusion of the intervention. These attributes can facilitate the rapid evaluation of the clinical activity of potential chemopreventive agents that can guide further research. However, this model has inherent limitations, which in this study included a relatively short duration of intervention as patients who have elected surgery are faced with a possible delay of treatment, which limits the acceptable length of intervention. The duration of intervention for this study was 3 to 6 weeks and may, as discussed, have been inadequate to induce a significant change in systemic or tissue biomarkers.
In conclusion, the findings of this study suggest that green tea for prostate cancer chemoprevention may not be acting through direct means or is occurring without bioaccumulation. Trends seen in systemic biomarkers were suggestive of possible efficacy but may have required a larger sample size to detect. The absence of significant differences seen in this study suggests that future studies using polyphenon E might be best directed at longer term interventions, use of repeated doses for more constant exposure, or in a precancerous model where its effects may be more demonstrable.
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